
Assignment 3: Due Oct. 21st 2018 at 11:59AM!! 

Problem 1. Suppression of backscattering in Dirac materials. 

1. Use the eigenvalue solutions of the Dirac Hamiltonian derived for either valley in graphene, in its 

2x2 form to derive the angular dependent (intravalley) scattering probability 
1

𝜏
 (Use circular 

coordinates with 𝑘𝑥 = 𝑘 cos 𝜙   and  𝑘𝑦 = 𝑘 sin 𝜙) 

Hint: you can start with the following result from Fermi’s golden rule: 
1

𝜏
~|⟨𝜓(𝜙)|𝜓(0)⟩|2 

2. Show that backscattering is suppressed within a single valley in graphene 

3. For a hypothetical 2D massive Dirac material, the matrix Hamiltonian is given by the following: 

 

[
Δ ℏ𝑣𝑘−

ℏ𝑣𝑘+ −Δ
] 

 

Find the eigenstate solution for such a Hamiltonian and show that in this case: 
1

𝜏
~𝑓(𝑘, 𝜙) 

And determine 𝑓(𝑘, 𝜙). For ℏ𝑣𝑘 ≫ Δ, show that you recover the result of (1). 

 

 

Problem 2. Cyclotron resonance in graphene. 

We have discussed the behavior of the cyclotron resonance in Dirac materials compared to that in 

parabolic materials. In this problem, you will compute the variation of this optical transition for a 

changing magnetic field.  

1. Using the Landau level formula for graphene derived in class plot the Landau level energy 𝐸𝑛 

versus magnetic field for n=0 to n=10. Use the Dirac velocity of graphene: 𝑣 ≈ 106𝑚/𝑠. Make 

sure you use meV for the energy units and Tesla for the magnetic field.  

2. The transition energy for the cyclotron resonance is given by:  

𝑇𝑛 = 𝐸𝑛+1 − 𝐸𝑛 

For the following selection rule (do not worry about partial filling): 

𝐸𝑛+1 > 𝐸𝐹     𝑎𝑛𝑑       𝐸𝑛 < 𝐸𝐹      

 Assuming that the above selection rule is the only one necessary and that 𝐸𝐹 is constant and 

equal to 45𝑚𝑒𝑉, plot 𝑇𝑛(𝐵) for 1𝑇 < 𝐵 < 15𝑇. 

3. Plot 𝑇𝑛 for a Schrodinger particle (in 2D) that has a mass equal to 𝑚 = 0.1𝑚0 

4. What are two main differences between the behavior of 𝑇𝑛 for a Schrodinger particle and for 

the Dirac fermions in graphene. 

 

 

 

 



Problem 3. The Berry phase of a spin-1/2 Weyl fermion 

Graphene hosts 2D Weyl fermions at its two valleys (K and K’) 

1. Use the eigenvalue solution for one of the valleys of graphene to show that even though the Berry 

phase in a graphene valley is non-zero, the Berry curvature is zero. 

Use the following formula to derive the Berry connection: 

𝐴 = 𝑖⟨𝜓|∇⃗⃗⃗|𝜓⟩ 

The Berry phase: 

𝛾 = ∮ 𝐴. 𝑑�⃗⃗� 

The Berry curvature: 

�⃗� = ∇⃗⃗⃗ × 𝐴 

In 3D, Weyl fermions do have a finite Berry curvature. This fact leads to interesting and unusual 

consequences that you will explore next. 

2. Using the Weyl representation of the Dirac equation in 3D we derived the eigenvector solutions 

describing 3D Weyl fermions (lecture 2). Two solutions of opposite handedness were found. 

Considering only the + branch for both, rewrite those eigenvector solutions in spherical 

coordinates. Start by showing that the following holds for those two solutions: 

⟨𝜓𝑊|
𝜕

𝜕𝜃
|𝜓𝑊⟩ = 0 

 Use this link for help from here on. 

3. Compute the Berry connection for the two Weyl fermions 

4. Derive the Berry curvature for both. 

5. The Berry curvature (aka the Berry field) that you will derive should resemble the field that is 

generated by an exotic quasiparticle. What is this quasiparticle.  

Problem 4. Bilayer graphene: minimal model 

 

Find the energy dispersion of bilayer graphene with Bernal stacking (two layers labeled (1) and (2) with 

stacking such that A1 lies below B2 see figure). For that, you need to take into account a hopping term 

that couples A1 to B2 (only A1 to B2). Work out to the problem for the K and K’ valleys. However is the 

shape of dispersion is altered? Does this stacking induce an energy gap? (hint: to do not hesitate to check 

out published literature about this problem). 

When constructing your matrix Hamiltonian use the following basis: (𝜓𝐴1, 𝜓𝐵1, 𝜓𝐵2, 𝜓𝐴2). 

https://en.wikipedia.org/wiki/Del_in_cylindrical_and_spherical_coordinates

